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©  METHOD  AND  APPARATUS  FOR  PRODUCING  MAGNETOSTRICTIVE  MATERIAL. 

©  When  a  single-crystal  magnetostrictive  material  containing  R  (rare  earth  metal  element)  and  TM  (transition 
metal  element)  and  having  a  dendrite  structure  is  produced,  the  present  invention  is  directed  to  eliminate  the 
limitation  of  a  continuously  producible  length,  to  suppress  wastes  of  materials  and  useless  power,  and  to 

t—  facilitate  regulation  of  a  feed  current  to  a  heater.  Furthermore,  the  present  invention  is  directed  to  produce  a  high 
^   quality  crystalline  member  devoid  of  disorder  of  a  crystal  arrangement  and  having  a  great  magnetostrictive 
^   quantity  at  a  low  cost.  The  present  invention  uses  a  single-crystal  magnetostrictive  material  production  apparatus 
0)  including  a  hopper  (10)  for  accommodating  starting  materials  (1),  means  (20)  for  continuously  feeding  the 
O  starting  materials  (1)  in  a  unit  quantity  per  unit  time  into  a  casting  mold  (30),  a  heater  (40)  for  melting  the  starting 
1^  materials  (1)  in  the  casting  mold  (30),  elevation  means  for  relatively  raising  the  heater  (40)  with  respect  to  the 
OJ  starting  materials  (1)  fed,  and  means  for  radiating  the  heat  of  the  molten  starting  materials. 
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Field  of  the  Invention 

This  invention  relates  to  a  method  and  apparatus  for  manufacturing  magnetostrictive  materials  such  as 
RTM2  wherein  R  is  a  rare  earth  element  inclusive  of  Y  and  TM  is  a  transition  element. 

5 
Prior  art 

For  the  manufacture  of  monocrystalline  or  prismatic  crystal  alloys  by  unidirectional  solidification,  a  zone 
melting  process  is  well  known  as  disclosed  in  US  Patent  No.  4,609,402.  The  zone  melting  process  involves 

io  inserting  a  raw  alloy  ingot  in  the  form  of  a  rod  of  a  rare  earth  metal-iron  alloy  into  a  mold,  placing  a  heater 
outside  the  mold  at  the  bottom  so  as  to  enclose  the  mold,  conducting  electric  current  across  the  heater, 
thereby  melting  the  raw  alloy,  and  gradually  lifting  the  heater  upward  relative  to  the  mold. 

In  the  zone  melting  process,  the  lowermost  portion  of  the  raw  alloy  is  melted  upon  current  conduction 
across  the  heater.  As  the  heater  is  gradually  lifted  upward  or  moved  apart  from  the  molten  zone,  the 

75  temperature  of  the  molten  zone  lowers.  Since  the  lifting  rate  of  the  heater  is  selected  such  that  the  molten 
zone  may  have  a  predetermined  temperature  gradient,  the  source  alloy  is  unidirectionally  solidified 
gradually  from  the  bottom  up,  thus  producing  a  monocrystalline  or  prismatic  crystal  alloy. 

DISCLOSURE  OF  THE  INVENTION 
20 

The  raw  alloy  ingot  used  in  the  zone  melting  process  is  generally  prepared  by  a  low-pressure  casting 
process.  The  low-pressure  casting  process  has  a  propensity  for  compositional  deviation  due  to  the 
increased  evaporation  of  rare  earth  elements  and  segregation  due  to  the  difficulty  of  uniform  heating  and 
cooling.  In  addition,  the  raw  alloy  ingot  must  be  processed  to  a  desired  shape  by  machining  or  the  like,  with 

25  a  concomitant  loss  of  material. 
Further,  the  zone  melting  process  is  impossible  to  continuously  produce  a  monocrystalline  or  prismatic 

crystal  body  which  is  longer  than  the  starting  alloy  ingot. 
Further,  when  a  monocrystalline  or  prismatic  crystal  alloy  is  cast  through  unidirectional  solidification  in 

accordance  with  the  zone  melting  process,  part  of  the  heat  generated  by  the  heater  transfers  upward 
30  through  the  raw  alloy  and  eventually  dissipates  in  vain,  indicating  the  problem  that  part  of  the  heat  or  power 

supply  is  consumed  wastefully. 
Further,  since  the  conventional  zone  melting  process  should  taken  into  account  not  only  the  heat  which 

is  transferred  downward  from  the  heater  as  required  for  the  manufacture  of  a  monocrystalline  or  prismatic 
crystal  alloy,  but  also  the  amount  of  heat  which  is  transferred  upward  through  the  raw  alloy,  there  arises  a 

35  problem  of  complexity  to  adjust  the  heat  amount  and  hence,  the  current  supply. 
Further,  when  the  raw  alloy  is  melted  by  means  of  the  heater  to  form  a  molten  metal  zone  in 

accordance  with  the  conventional  zone  melting  process,  a  portion  of  the  raw  alloy  located  above  the  molten 
metal  zone  can  go  down  into  the  molten  metal  zone  as  a  mass  for  some  reason  or  other,  resulting  in  that 
molten  metal  zone  experiencing  a  sudden  temperature  drop.  The  temperature  control  intended  to  provide  a 

40  predetermined  temperature  gradient  becomes  very  complicated  in  this  case.  The  temperature  control  is 
more  difficult  in  that  it  is  unexpectable  when  the  raw  alloy  goes  down  into  the  molten  metal  zone  as  a  mass. 

Exact  control  of  the  cooling  rate  is  essential  to  grow  a  crystal  of  quality.  For  example,  if  the  cooling  rate 
of  a  molten  metal  zone  is  too  fast,  a  significant  difference  in  cooling  rate  can  occur  between  the  surface  and 
the  interior  of  the  material,  resulting  in  a  disordered  crystal  array.  Therefore,  the  conventional  zone  melting 

45  process  is  altered  by  modifying  the  coil  for  high-frequency  induction  heating  so  as  to  include  closely  and 
sparsely  wound  regions  whereby  a  molten  metal  zone  is  formed  in  the  closely  wound  region  and  the  time 
taken  until  solidification  is  controlled  in  the  sparsely  wound  region.  The  optimum  cooling  rate,  however, 
largely  depends  on  the  material  composition.  The  cooling  rate  also  depends  on  conditions  of  various 
components  of  the  apparatus,  for  example,  heat  transfer  coefficient.  Essential  considerations  of  these 

50  various  conditions  render  the  monocrystal  manufacturing  apparatus  Less  versatile.  For  example,  since  the 
above-mentioned  coil  including  closely  and  sparsely  wound  regions  must  be  of  special  design  for  a  specific 
crystal  composition,  a  change  of  any  condition  such  as  raw  material  composition  requires  replacement  of 
the  heating  unit  itself,  indicating  that  the  apparatus  is  not  suitable  for  cost  effective  mass  production. 

In  connection  with  the  manufacture  of  a  monocrystalline  magnetostrictive  material  containing  R  and  TM 
55  and  having  a  dendrite  structure,  objects  of  the  present  invention  are  to  eliminate  a  limit  on  the  length  of  a 

rod  that  can  be  continuously  manufactured,  to  minimize  a  loss  of  material,  to  reduce  wasteful  power 
consumption,  to  facilitate  adjustment  of  current  supply  to  the  heater,  and  to  manufacture  a  crystal  body  of 
quality  having  a  non-disordered  crystal  array  and  a  greater  amount  of  magnetostriction  at  low  cost. 
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These  and  other  objects  are  achieved  by  the  present  invention  which  is  defined  from  (1)  to  (12)  below. 
1  .  A  method  for  manufacturing  a  magnetostrictive  material  containing  R  and  TM  wherein  R  is  a  rare  earth 
element  inclusive  of  Y  and  TM  is  a  transition  element, 

said  method  comprising  the  steps  of  continuously  feeding  a  source  material,  melting  said  source 
5  material  before  or  after  the  continuous  feed  step,  and  allowing  the  continuously  fed  molten  source 

material  to  gradually  solidify. 
2.  The  magnetostrictive  material  manufacturing  method  of  (1)  wherein  said  magnetostrictive  material  has 
a  dendrite  structure  resulting  from  unidirectional  solidification. 
3.  The  magnetostrictive  material  manufacturing  method  of  (1)  or  (2)  wherein  said  source  material  is  an 

io  alloy  containing  R  and  TM,  which  is  subject  to  hydrogen  occlusion,  hydrogen  depletion,  and  annealing 
before  it  is  continuously  fed. 
4.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  (1)-(3)  which  is  to  manufacture  a 
magnetostrictive  material  having  a  composition  of  the  formula:  R(Fe1-yTy)x  wherein  x  and  y  represent 
atomic  ratios,  y  =  0  to  0.4,  x  =  1  to  3,  and  T  is  at  least  one  transition  element  other  than  Fe. 

is  5.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  (1)-(4)  wherein  the  source  material 
in  powder  form  is  fed  into  the  previously  fed,  molten  source  material. 
6.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  (1)-(5)  wherein  said  continuous 
feed  step  is  to  continuously  feed  a  unit  amount  per  unit  time  of  the  source  material  held  at  a  temperature 
in  a  predetermined  range. 

20  7.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  (1)-(6)  wherein  said  continuous 
feed  step,  said  melting  step  and  said  solidification  step  are  conducted  in  an  argon  gas  atmosphere. 
8.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  (1)-(7)  wherein  the  melting  is  by 
high-frequency  induction  heating.  9.  An  apparatus  for  manufacturing  a  magnetostrictive  material  contain- 
ing  R  and  TM  wherein  R  is  a  rare  earth  element  inclusive  of  Y  and  TM  is  a  transition  element,  said 

25  apparatus  comprising 
a  hopper  for  receiving  a  source  material, 
continuous  feed  means  for  continuously  feeding  a  unit  amount  per  unit  time  of  said  source  material 

into  a  mold, 
a  heater  for  melting  the  source  material  continuously  fed  into  the  mold, 

30  lift  means  for  moving  said  heater  upward  relative  to  the  fed  source  material,  and 
heat  sink  means  for  allowing  the  molten  source  material  to  release  heat. 

10.  The  magnetostrictive  material  manufacturing  apparatus  of  (9)  wherein  the  atmosphere  covering  from 
said  hopper  to  said  mold  is  an  argon  gas  atmosphere. 
11.  The  magnetostrictive  material  manufacturing  apparatus  of  (9)  or  (10)  wherein  said  mold  on  the  outer 

35  surface  is  enclosed  by  a  heat  insulating  member. 
12.  The  magnetostrictive  material  manufacturing  apparatus  of  any  one  of  (9)-(1  1  )  wherein  said  heater  is 
provided  with  a  movable  heat  insulating  member  which  at  least  extends  downward  beyond  the  heater 
and  encircles  said  mold. 

40  OPERATION  AND  ADVANTAGES  OF  THE  INVENTION 

In  accordance  with  the  present  invention,  a  monocrystalline  body  is  manufactured  by  continuously 
feeding  a  source  material  into  a  mold  and  causing  the  molten  source  material  to  gradually  solidify  in  the 
mold.  In  principle,  no  limit  is  imposed  on  the  length  of  a  crystal  body  which  can  be  continuously 

45  manufactured  and  the  crystal  body  can  be  manufactured  to  any  desired  length.  Since  the  source  material  is 
an  alloy  having  the  same  composition  as  the  magnetostrictive  material  to  be  produced  or  a  mixture  of  metal 
elements  constituting  the  magnetostrictive  material  and  is  directly  melted  and  solidified,  evaporation  of  rare 
earth  elements  is  minimized  and  the  percent  utility  of  the  source  material  is  high. 

In  manufacturing  a  monocrystalline  alloy  through  unidirectional  solidification  in  accordance  with  the 
50  present  invention,  no  heat  is  dissipated  upward  beyond  the  heater  in  principle.  This  eliminates  wasteful 

power  consumption  and  facilitates  the  adjustment  of  power  consumption. 
Further,  the  present  invention  enables  to  control  the  cooling  rate  by  simple  means  of  providing  a  heat 

insulating  member  and  a  movable  heat  insulating  member  as  defined  above,  ensuring  cost  effective 
manufacture  of  a  crystal  body  of  quality  whose  crystal  array  is  little  disordered.  There  is  obtained  a 

55  magnetostrictive  material  having  a  greater  amount  of  magnetostriction.  Since  the  movable  heat  insulating 
member  is  prone  to  detachable  design,  the  apparatus  can  accommodate  for  the  manufacture  of  crystal 
bodies  of  different  compositions. 

4 
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BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  illustrates  one  embodiment  of  the  present  invention.  FIG.  2  illustrates  the  one  embodiment  at  an 
intermediate  stage  of  a  magnetostrictive  material  manufacturing  process.  FIG.  3  illustrates  another  embodi- 

5  ment  of  the  present  invention. 

BEST  MODE  FOR  CARRYING  OUT  THE  INVETION 

FIG.  1  illustrates  one  embodiment  of  the  present  invention.  The  manufacturing  apparatus  of  the 
io  illustrated  embodiment  includes  a  hopper  10  for  receiving  a  source  material  1,  a  feed  pipe  21  defining  a 

path  for  feeding  the  source  material  1  from  the  hopper  10  to  a  mold  30,  and  a  rotary  valve  22  disposed  in 
the  feed  pipe  21.  Understandably,  the  rotary  valve  22  rotates  at  a  constant  rate  to  continuously  feed  the 
source  material  1  into  the  mold  30.  A  unit  amount  per  unit  time  of  the  source  material  1  is  continuously  fed 
into  the  mold  30.  Therefore,  the  hopper  10,  feed  pipe  21  and  rotary  valve  22  form  continuous  feed  means 

is  20  for  continuously  feeding  a  unit  amount  per  unit  time  of  the  source  material  into  the  mold. 
Disposed  in  the  feed  pipe  21  is  a  ball  valve  23  which  is  closed  when  it  is  desired  to  establish  a  high 

vacuum  in  the  atmosphere  covering  from  the  hopper  10  to  the  mold  30.  It  is  to  be  noted  that  a  pressure 
equalizing  tube  24  is  connected  to  both  the  feed  pipe  21  and  the  hopper  10  and  provided  midway  with  a 
valve  25. 

20  A  housing  31  encloses  the  feed  pipe  21,  mold  30  and  a  water  cooled  block  60.  The  interior  of  the 
housing  31  may  be  evacuated  to  a  vacuum  of  about  10-2  to  10-5  Torr  by  means  of  a  vacuum  pump  32. 

A  heater  40  includes  a  coil  41  wrapped  around  the  housing  31  and  a  high-frequency  oscillator  42  for 
supplying  high-frequency  current  to  the  coil  41. 

A  motor  50  is  coupled  to  the  heater  40  so  as  to  move  the  heater  upward  at  a  predetermined  rate.  This 
25  motor  is  one  example  of  lift  means  for  moving  the  heater  40  upward  relative  to  the  mold  30. 

The  water  cooled  block  60  is  in  contact  with  the  bottom  of  the  mold  30  for  cooling  the  source  material  1 
which  has  been  melted  by  means  of  the  heater  40.  Base  plates  61  and  62  are  disposed  at  the  bottom  of  the 
water  cooled  block  60.  It  will  be  understood  that  the  water  cooled  block  60  is  one  example  of  heat  sink 
means  for  allowing  the  molten  source  material  to  dissipate  heat. 

30  More  particularly,  the  source  material  1  which  is  used  in  the  above-illustrated  embodiment  is  not 
particularly  limited  as  long  as  it  contains  R  and  TM  wherein  R  is  a  rare  earth  element  inclusive  of  Y  and  TM 
is  a  transition  element.  For  use  as  magnetostrictive  material,  the  source  material  should  preferably  have  a 
composition  of  the  following  formula. 

35  R(Fe1_yTy)x 

In  the  formula,  x  and  y  represent  atomic  ratios,  y  =  0  to  0.4,  x  =  1  to  3,  and  T  is  at  least  one  transition 
element  other  than  Fe.  Preferably,  R  is  at  least  one  member  selected  from  the  group  consisting  of  Y,  Ce, 
Pr,  Nd,  Sm,  Gd,  Tb,  Dy,  Ho,  Er  and  Yb.  Essential  inclusion  of  at  Least  one  of  Tb  and  Ho  is  preferred  in 

40  order  to  form  a  dendrite  structure  to  be  described  later,  with  essential  inclusion  of  Tb  being  especially 
preferred. 

Also  preferably,  T  is  at  least  one  member  selected  from  the  group  consisting  of  Co,  Ni,  Mn,  Cr,  Mo,  W, 
Zn,  Rh,  Nb  and  Cu. 

Next,  the  operation  of  the  above-illustrated  embodiment  is  described. 
45  First,  the  source  material  1  is  admitted  into  the  hopper  10.  The  source  material  1  used  herein  is  often 

an  alloy  powder  or  a  mix  powder  of  metal  elements.  The  alloy  may  be  selected  from  the  above-defined 
magnetostrictive  material  composition  while  the  metal  elements  may  be  selected  from  the  elements  of 
which  the  magnetostrictive  material  is  formed. 

After  admission  of  the  source  material,  the  ball  vale  23  is  closed,  the  valve  25  is  opened,  and  the 
50  vacuum  pump  32  is  then  operated  until  a  high  vacuum  is  established  within  the  housing  31  .  Thereafter,  the 

interior  of  the  housing  31  is  purged  with  argon  or  an  argon  gas  stream  is  passed  therethrough,  and  the  ball 
vale  23  is  opened.  Understandably,  the  housing  31  interior  may  be  kept  in  a  high  vacuum. 

Now,  the  rotary  valve  22  is  rotated  at  a  constant  rate  for  continuously  feeding  the  source  material  1  .  The 
feed  rate  of  the  source  material  may  be  properly  determined  in  accordance  with  the  size  of  the  apparatus, 

55  for  example,  in  the  range  of  about  10  to  60  g/h. 
More  particularly,  with  the  coil  41  located  at  the  lowest  position  of  the  mold  30  which  is  previously 

charged  with  the  source  material  1  having  a  sufficiently  large  particle  size  to  induce  eddy  current,  the  high- 
frequency  oscillator  42  is  operated  to  conduct  high-frequency  current  across  the  coil  41  .  Then  eddy  current 
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flows  through  the  source  material  1  deposited  on  the  bottom  of  the  mold  30  so  that  the  source  material  1  is 
melted  within  a  short  period  of  time.  Now  that  the  source  material  1  deposited  on  the  mold  30  bottom  has 
formed  a  molten  metal  zone  2,  the  continuous  feed  of  the  source  material  is  started.  The  use  of  high- 
frequency  induction  heating  as  in  the  illustrated  embodiment  facilitates  temperature  control. 

5  Thereafter,  the  motor  50  operates  to  gradually  lift  the  heater  40  and  the  coil  41  therewith  so  that  the  coil 
41  is  gradually  moved  apart  from  the  mold  30  bottom.  At  this  point,  the  temperature  of  the  molten  metal  in 
the  vicinity  of  the  mold  30  bottom  Lowers  slowly  due  to  heat  release  to  the  water  cooled  block  60.  The 
lifting  rate  of  the  coil  41  (or  the  lifting  rate  of  the  heater  40)  is  selected  such  that  the  molten  metal  may 
unidirectionally  solidify  into  a  desired  crystal,  that  is,  so  as  to  provide  an  adequate  temperature  gradient. 

io  As  the  heater  40  is  lifted  a  predetermined  distance  after  the  lapse  of  a  predetermined  time,  the  zone 
which  has  been  a  molten  metal  zone  converts  into  a  solidified  zone  3.  In  this  way,  a  monocrystalline  alloy  is 
produced  through  unidirectional  solidification  from  the  mold  30  bottom  up.  As  the  process  is  continued,  the 
solidified  zone  3  is  gradually  increased  in  height. 

When  the  source  material  1  in  powder  form  drops  in  and  mixes  with  the  molten  metal  zone  2,  the 
is  source  material  1  is  quickly  converted  into  a  molten  metal  because  of  particles'  very  small  volume.  Since 

the  increment  of  the  source  material  1  which  is  subsequently  mixed  is  very  small  as  compared  with  the 
entire  volume  of  the  molten  metal  in  the  molten  zone  2,  the  molten  zone  2  maintains  a  substantially 
constant  temperature.  It  is  to  be  noted  that  when  high-frequency  induction  heating  means  as  illustrated  in 
the  figures  is  used  as  the  heater  40,  the  arrangement  in  which  the  source  material  powder  is  melted  in  the 

20  region  enclosed  by  the  coil  before  entry  into  the  molten  metal  zone  2  is  acceptable. 
Where  source  material  pieces  having  a  relatively  large  volume  are  used  in  order  to  prevent  oxidation  of 

the  source  material  or  where  the  source  material  is  dropped  at  a  higher  rate,  for  example,  there  is  a 
likelihood  that  the  source  material  as  fed  do  not  stay  on  the  surface  of  the  molten  metal  zone  2,  but  break 
the  interface  between  the  molten  metal  zone  2  and  the  solidified  zone  3  or  cause  a  sudden  drop  in 

25  temperature  of  the  molten  metal  zone  2.  In  such  a  case,  a  dish-shaped  member  for  intercepting  the  source 
material  pieces  being  fed  may  be  disposed  in  the  region  of  the  mold  30  which  is  surrounded  by  the  coil  41 
whereby  the  source  material  pieces  are  melted  on  the  dish-shaped  member  before  the  molten  source 
material  flows  down  to  the  molten  metal  zone  2.  The  dish-shaped  member  is  made  of  the  material  which  is 
not  melted  by  high-frequency  induction  heating  and  which  is  immune  to  the  molten  source  material.  The 

30  dish-shaped  member  is  provided  at  the  bottom  with  an  aperture  of  a  size  that  does  not  permit  passage  of 
the  source  material  pieces  so  that  the  molten  source  material  may  fall  down  through  the  aperture. 
Understandably,  the  dish-shaped  member  is  suspended  from  above  and  lifted  in  unison  with  the  coil  41  . 

It  is  to  be  noted  that  the  arrangement  in  which  the  powder  source  material  drops  on  the  molten  metal 
zone  2  is  preferred  in  order  to  control  evaporation  of  rare  earth  elements  from  the  source  material  for 

35  preventing  any  deviation  from  the  given  composition. 
The  source  material  is  generally  of  a  size  of  about  100  urn  to  about  1  mm  although  source  material 

pieces  having  a  larger  size  of  about  10-15  mm  by  10-15  mm  may  be  used  in  the  above-mentioned 
arrangement  using  a  dish-shaped  member.  The  frequency  of  the  high-frequency  current  through  the  coil  41 
may  be  properly  determined  in  accordance  with  the  size  of  particles  comprising  the  source  material  powder 

40  and  often  selected  in  the  range  between  about  10  kHz  and  about  3  MHz  although  the  frequency  is  not 
limited  thereto.  The  smaller  the  source  material  particles,  the  higher  should  be  the  current  frequency. 

In  the  case  of  high-frequency  induction  heating,  the  coil  is  preferably  provided  with  a  cooling  water  path 
for  suppressing  excess  temperature  increase  of  the  coil  itself.  In  general,  water  cooling  can  maintain  the  coil 
at  a  temperature  of  about  60  °  C  or  lower. 

45  With  the  valve  25  kept  open  during  the  above-mentioned  process,  the  equalizing  pipe  24  functions  to 
equalize  the  pressures  in  the  pipe  21  and  the  hopper  10. 

In  the  process  of  gradually  lifting  the  heater  40  relative  to  the  mold  30  in  the  above-mentioned  manner, 
when  the  coil  41  reaches  an  intermediate  position  of  the  mold  30  as  shown  in  FIG.  2,  the  heat  generated  by 
the  heater  40  is  partially  absorbed  by  the  source  material  1  which  is  now  fed  from  the  hopper  10  and  mixed 

50  into  the  molten  metal  zone  2  and  the  remaining  heat  is  transferred  to  the  water  cooled  block  60  through  the 
solidified  zone  3.  No  power  is  wastefully  consumed  at  this  point  because  the  surface  of  the  molten  metal 
zone  2  is  in  contact  with  argon  so  that  little  heat  may  escape  from  the  molten  metal  zone  2  to  the  argon. 

The  fact  that  little  heat  transfers  from  the  molten  metal  zone  2  to  the  argon  also  facilitates  the 
adjustment  of  current  supply  to  the  heater  40.  Differently  stated,  insofar  as  a  constant  current  is  supplied  to 

55  the  coil  41  ,  the  temperature  within  the  coil  41  remains  unchanged  wherever  the  coil  41  is  located  during  the 
above-mentioned  control  process.  This  ensures  to  always  maintain  the  molten  metal  zone  2  at  a  constant 
temperature  insofar  as  the  high-frequency  oscillator  42  supplies  a  constant  current.  Since  the  current  control 
(or  temperature  control)  is  easy  as  mentioned  above,  the  magnetostrictive  material  is  produced  in  high 
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yields. 
Although  the  mold  30  is  of  a  uniform  cross  section  in  the  above-illustrated  embodiment,  a  mold  whose 

cross  section  varies  with  height,  that  is,  a  non-columnar  mold  may  be  used  instead  of  the  mold  30.  Since 
the  source  material  1  is  heated  and  melted  by  virtue  of  eddy  current,  the  amount  of  heat  required  for  a 

5  varying  cross-sectional  area  is  automatically  controlled. 
In  most  cases,  the  source  material  1  is  subject  to  hydrogen  occlusion,  hydrogen  depletion  and 

annealing  and  then  comminuted  into  a  powder  before  it  is  admitted  into  the  hopper  10.  The  source  material 
1  as  annealed  may  be  disintegrated  and  size  classified  before  it  is  continuously  fed  into  the  mold  30.  It  is 
also  possible  to  carry  out  annealing  before  hydrogen  occlusion  and,  if  desired,  to  carry  out  additional 

io  annealing  after  the  hydrogen  occlusion.  Further,  instead  of  the  procedure  including  hydrogen  occlusion, 
hydrogen  depletion,  annealing,  disintegration,  and  size  classification,  a  conventional  pulverizing  step  may  be 
used. 

In  the  embodiment,  it  is  also  possible  to  maintain  the  source  material  1  in  the  hopper  10  at  a 
temperature  within  a  predetermined  range  by  temperature  maintaining  means  (not  shown).  The  reason  why 

is  the  source  material  1  is  maintained  at  a  predetermined  temperature  is  to  ensure  that  the  molten  metal  zone 
2  reaches  a  constant  temperature  as  fast  as  possible  after  a  constant  current  is  supplied  to  the  heater  40. 
The  temperature  may  be  room  temperature  or  any  higher  or  lower  temperature  insofar  as  it  is  maintained 
constant.  For  example,  it  is  acceptable  to  maintain  the  temperature  within  the  hopper  10  at  or  above  the 
melting  point  of  the  source  material  1  and  to  feed  a  unit  amount  per  unit  time  of  the  source  material  1  in 

20  molten  state  although  the  supply  of  the  source  material  in  powder  form  is  preferred  from  the  standpoint  of 
rare  earth  elements  evaporating  off. 

The  present  invention  enables  continuous  manufacture  of  a  monocrystalline  magnetostrictive  material 
without  a  limit  on  its  length.  For  example,  it  is  possible  to  continuously  produce  a  crystal  body  without 
changing  solidifying  conditions,  by  arranging  such  that  the  solidified  crystal  body  is  taken  out  of  the 

25  apparatus  at  the  bottom  as  the  source  material  is  fed  into  the  hopper.  In  this  case,  usually  the  coil  is  fixed 
and  the  source  material  fed  is  moved  down.  That  is,  with  the  coil  fixed,  the  solidification  zone  is  shifted 
downward.  Also  in  this  case,  the  apparatus  is  maintained  gas  tight  during  supply  of  the  source  material  into 
the  apparatus  and  removal  of  the  crystal  body  from  the  apparatus,  by  providing  an  argon  gas  purging 
chamber. 

30  Although  a  coil  for  high-frequency  induction  heating  is  used  as  the  heater  40  in  the  illustrated 
embodiment,  another  heating  means,  for  example,  a  resistance  heating  coil  may  be  used.  Any  other  heating 
means  such  as  infrared  convergent  heating  may  also  be  used. 

Another  embodiment  of  the  present  invention  is  described.  The  other  embodiment  of  the  invention  is 
illustrated  in  FIG.  3. 

35  The  manufacturing  apparatus  shown  in  FIG.  3  includes  a  heat  insulating  member  71  disposed  between 
a  mold  30  and  a  housing  31  as  in  the  apparatus  of  FIG.  1,  the  member  71  enclosing  the  mold  30.  The 
heater  40  is  provided  with  a  movable  heat  insulating  member  72  which  extends  downward  beyond  the 
heater  40  and  encircles  the  mold  30.  The  movable  heat  insulating  member  72  is  designed  to  encircle  the 
solidification  zone  3  nearly  from  the  bottom  of  the  molten  metal  zone  2  and  adapted  to  move  with  the 

40  heater  40.  Although  the  movable  heat  insulating  member  72  is  provided  only  on  the  lower  side  of  the  coil  41 
in  the  illustrated  embodiment,  the  movable  heat  insulating  member  72  may  partially  cover  the  coil  41  from 
the  outside  or  partially  intervene  between  the  coil  41  and  the  housing  31  . 

The  heat  insulating  member  71  is  effective  for  preventing  convection  for  maintaining  a  stable  tempera- 
ture  distribution  in  the  housing  31.  The  stationary  and  movable  heat  insulating  members  71  and  72  also 

45  function  to  control  the  cooling  rate  of  the  molten  metal  for  improving  the  energy  efficiency  of  the  apparatus. 
These  heat  insulating  members  are  effective  for  restraining  rapid  cooling  of  the  molten  metal,  especially 
heat  release  from  the  mold  30  side  wall,  thereby  preventing  any  significant  difference  in  cooling  rate  from 
occurring  between  the  surface  and  the  interior  of  the  source  material  within  the  mold,  thus  preventing 
crystal  array  disordering.  The  heat  insulating  members  are  also  effective  for  controlling  the  solid  phase 

50  reaction  that  takes  place  in  the  solidification  zone  3  in  the  vicinity  of  the  molten  metal  zone  2. 
Since  the  optimum  cooling  rate  to  produce  a  homogeneous  monocrystal  varies  with  the  composition  of 

source  material  used,  the  material,  shape,  dimensions  and  the  like  of  the  stationary  and  movable  heat 
insulating  members  71  and  72  may  be  properly  determined  in  accordance  with  the  source  material 
composition  and  are  not  particularly  limited.  It  will  be  understood  that  a  slower  cooling  rate  can  be 

55  established  by  using  the  movable  heat  insulating  member  72  which  gradually  increases  its  thickness  with  a 
larger  distance  from  the  coil  41  as  in  the  illustrated  embodiment. 

If  the  movable  heat  insulating  member  72  is  of  detachable  design,  the  present  apparatus  is  applicable 
to  the  manufacture  of  monocrystal  bodies  of  different  compositions  because  the  cooling  rate  of  the  molten 
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metal  zone  2  can  be  altered  simply  by  exchanging  the  movable  heat  insulating  member  72.  As  opposed  to 
the  prior  art  monocrystal  manufacturing  apparatus  which  are  impossible  to  alter  the  cooling  rate  in  a 
substantial  sense,  the  present  apparatus  can  manufacture  high-quality  monocrystal  bodies  of  different 
compositions  at  low  cost  because  the  movable  heat  insulating  member  72  is  inexpensive  to  prepare  and 

5  easy  to  design  for  detachment.  It  is  to  be  noted  that  means  for  securing  the  movable  heat  insulating 
member  72  to  the  coil  41  is  not  particularly  limited  and  such  a  member  may  be  secured  by  adhesive  bond, 
bolt  connection  or  the  like. 

The  material  of  which  the  stationary  and  movable  heat  insulating  members  71  and  72  are  formed  is  not 
particularly  limited  although  alumina,  zirconia,  magnesia,  calcia  and  so  forth  are  generally  preferred,  with 

io  alumina  being  especially  preferred  for  cost  reduction. 
It  is  to  be  noted  that  the  surfaces  of  the  stationary  and  movable  heat  insulating  members  71  and  72  that 

face  the  mold  30  are  preferably  finished  as  a  mirror  surface  because  better  heat  insulation  is  accomplished. 
Similar  results  are  obtained  by  using  a  mirror  finished  metal  plate  as  the  movable  heat  insulating  member 
72. 

is  The  materials  of  which  the  remaining  members  are  formed  are  not  particularly  limited  and  may  be 
suitably  selected  in  accordance  with  the  conventional  monocrystal  manufacturing  apparatus.  For  example,  in 
the  case  of  high-frequency  induction  heating,  the  housing  31  may  be  formed  of  a  material  having  a  low 
electroconductivity  such  as  transparent  quartz  glass,  Pyrex  glass,  and  soft  glass,  with  the  quartz  glass  being 
preferred  because  of  its  low  coefficient  of  thermal  expansion.  The  mold  30  is  formed  of  a  material  which  is 

20  immune  to  the  molten  source  material,  such  as  quartz  glass,  BN,  alumina,  calcia,  and  magnesia. 
It  is  to  be  noted  that  either  one  of  the  stationary  and  movable  heat  insulating  members  71  and  72  may 

be  provided  for  achieving  satisfactory  results  although  both  the  members  are  provided  for  better  results. 
In  this  way,  there  is  manufactured  a  rod  of  magnetostrictive  material  which  is  a  crystal  body  having  a 

dendrite  structure  resulting  from  unidirectional  solidification.  This  structure  is  disclosed  in  Metallurgical 
25  Transactions,  A  223-231,  18A,  1987.  The  crystal  body  is  a  laminate  body  in  the  form  of  a  parallel  array 

including  dendrite  sheets  of  a  RTM2  compound  grown  in  <1  1  2>  direction  and  having  a  surface  in  {111} 
plane  and  having  a  thickness  of  about  0.5  to  1  .5  mm  and  polycrystalline  or  monocrystalline  sheets  of  a  Fi- 
nch  peritectic  compound  having  a  thickness  of  submicrons  to  several  microns.  Although  this  is  not  a 
monocrystal  in  an  exact  sense  due  to  the  presence  of  parallel  twin  planes,  it  is  generally  referred  to  as  a 

30  monocrystal.  Due  to  this  structure,  the  material  provides  a  greater  amount  of  magnetostriction.  The  present 
invention  is  especially  suited  for  the  manufacture  of  magnetostrictive  material  with  such  a  structure. 

EXAMPLE 

35  Examples  of  the  present  invention  are  given  below  by  way  of  illustration. 
Magnetostrictive  materials  were  manufactured  using  the  apparatus  shown  in  FIG.  1,  the  apparatus 

shown  in  FIG.  3  with  the  movable  heat  insulating  member  72  omitted,  and  the  apparatus  shown  in  FIG.  3. 
Table  1  shows  whether  or  not  the  stationary  and  movable  heat  insulating  members  71  and  72  were  used. 

The  source  materials  used  were  powders  (#32  to  #100)  of  Tb-Dy-Fe  alloys.  The  source  material 
40  compositions  are  shown  in  Table  1  .  Respective  components  of  the  apparatus  had  the  following  dimensions. 

Coil  41  :  height  40  mm  (4  turns) 
Mold  30:  quartz  glass  made  (cylindrical) 

inner  diameter  13  mm 
thickness  1  mm 

45  height  300  mm 
Housing  31:  quartz  glass  made  (cylindrical) 

inner  diameter  26  mm 
thickness  2  mm 
height  500  mm 

50  Heat  insulating  member  71  :  alumina  made  (cylindrical) 
inner  diameter  16  mm 
thickness  2  mm 
height  300  mm 

Movable  heat  insulating  member  72: 
55  alumina  made  (cylindrical) 

inner  diameter  32  mm 
thickness  4  mm 
height  50  mm 
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Table  1  shows  the  moving  rate  at  which  the  coil  41  and  the  movable  heat  insulating  member  72  were 
ted  upward. 

Table  1  shows  amounts  of  magnetostriction  of  the  thus  manufactured  magnetostrictive  materials.  The 
nount  of  magnetostriction  was  measured  in  an  external  magnetic  field  having  an  intensity  of  0.4  kOe  and  1 
De. 
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The  effectiveness  of  the  present  invention  is  evident  from  the  results  of  Table  1  . 
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Claims 

1.  A  method  for  manufacturing  a  magnetostrictive  material  containing  R  and  TM  wherein  R  is  a  rare  earth 
element  inclusive  of  Y  and  TM  is  a  transition  element, 

5  said  method  comprising  the  steps  of  continuously  feeding  a  source  material,  melting  said  source 
material  before  or  after  the  continuous  feed  step,  and  allowing  the  continuously  fed  molten  source 
material  to  gradually  solidify. 

2.  The  magnetostrictive  material  manufacturing  method  of  claim  1  wherein  said  magnetostrictive  material 
io  has  a  dendrite  structure  resulting  from  unidirectional  solidification. 

3.  The  magnetostrictive  material  manufacturing  method  of  claim  1  or  2  wherein  said  source  material  is  an 
alloy  containing  R  and  TM,  which  is  subject  to  hydrogen  occlusion,  hydrogen  depletion,  and  annealing 
before  it  is  continuously  fed. 

15 
4.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  claims  1-3  which  is  to  manufacture 

a  magnetostrictive  material  having  a  composition  of  the  formula:  R(Fe1-yTy)x  wherein  x  and  y  represent 
atomic  ratios,  y  =  0  to  0.4,  x  =  1  to  3,  and  T  is  at  least  one  transition  element  other  than  Fe. 

20  5.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  claims  1-4  wherein  the  source 
material  in  powder  form  is  fed  into  the  previously  fed,  molten  source  material. 

6.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  claims  1-5  wherein  said  continuous 
feed  step  is  to  continuously  feed  a  unit  amount  per  unit  time  of  the  source  material  held  at  a 

25  temperature  in  a  predetermined  range. 

7.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  claims  1-6  wherein  said  continuous 
feed  step,  said  melting  step  and  said  solidification  step  are  conducted  in  an  argon  gas  atmosphere. 

30  8.  The  magnetostrictive  material  manufacturing  method  of  any  one  of  claims  1-7  wherein  the  melting  is  by 
high-frequency  induction  heating. 

9.  An  apparatus  for  manufacturing  a  magnetostrictive  material  containing  R  and  TM  wherein  R  is  a  rare 
earth  element  inclusive  of  Y  and  TM  is  a  transition  element,  said  apparatus  comprising 

35  a  hopper  for  receiving  a  source  material, 
continuous  feed  means  for  continuously  feeding  a  unit  amount  per  unit  time  of  said  source  material 

into  a  mold, 
a  heater  for  melting  the  source  material  continuously  fed  into  the  mold, 
lift  means  for  moving  said  heater  upward  relative  to  the  fed  source  material,  and 

40  heat  sink  means  for  allowing  the  molten  source  material  to  release  heat. 

10.  The  magnetostrictive  material  manufacturing  apparatus  of  claim  9  wherein  the  atmosphere  covering 
from  said  hopper  to  said  mold  is  an  argon  gas  atmosphere. 

45  11.  The  magnetostrictive  material  manufacturing  apparatus  of  claim  9  or  10  wherein  said  mold  on  the  outer 
surface  is  enclosed  by  a  heat  insulating  member. 

12.  The  magnetostrictive  material  manufacturing  apparatus  of  any  one  of  claims  9-11  wherein  said  heater  is 
provided  with  a  movable  heat  insulating  member  which  at  least  extends  downward  beyond  the  heater 

50  and  encircles  said  mold. 

55 
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